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Summary
Intrinsic spatial cues ensure the proper placement of
the cell division plane. In the fission yeast Schizo-
saccharomyces pombe, the position of the nucleus
helps to direct the medial positioning of contractile-
ring assembly and subsequent cell division [1–3]. An
important factor in this process is mid1p (anillin-like
protein), which is a peripheral-membrane protein that
forms a broad cortical band of dots overlying the
nucleus in interphase and recruits myosin in early
mitosis [4–8]. Howmid1p localizes to this cortical band
and tracks the nucleus is not clear, especially because
its localization is independent of the cytoskeleton
[2, 8]. Here, we used a combination of experimental
and computational approaches to test mid1p localiza-
tion mechanisms. We provide evidence that pom1p,
a DYRK-family protein kinase [9] that forms a concen-
tration gradient emanating from the nongrowing cell
end, inhibits mid1p. In pom1mutants, mid1p is distrib-
uted over half of the cell, covering the nongrowing cell
end. This abnormal distribution is established in a
dynamic manner in interphase and leads to the forma-
tion of misplaced or multiple contractile rings. Our
computational and experimental results support a
model in which both positive cues from the medial
nucleus and negative cues from the cell tips specify
the position of the division plane.
Results and Discussion
Mid1p localizes to a medial broad band on the cell sur-
face and to the nucleus in interphase cells [5, 8]. It has
been proposed that the nuclear shuttling of mid1p leads
to its medial cortical pattern by increasing the effective
concentration of cytoplasmic mid1p in the vicinity of the
nucleus [5, 8, 10]. As one test of this model, we modeled
this process by using numerical simulations. The simu-
lations consist of a simple set of one-dimensional partial
differential equations that were solved numerically to
give the steady-state concentration levels of mid1p
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columbia.edu (F.C.)at the nucleus, cytoplasm, and sites along the plasma
membrane. Our simulations assume that mid1p is ex-
ported from the nucleus into the cytoplasm, where it dif-
fuses and subsequently binds to the plasma membrane
without restriction. On the plasma membrane, mid1p
diffuses at a slower rate and then is released into the
cytoplasm. The simulation assumes that mid1p is then
shuttled through the nucleus before it can bind to the
membrane again. The primary elements of the model are
that mid1p emanates from the nucleus, thereby making
the nucleus a positive spatial cue, and that mid1p does
not bind again to the membrane immediately after
being released from the membrane. Variations on this
scenario—for instance, in which mid1p is degraded
instead of being recycled, and a new population of
mid1p emanating from the nucleus is used—give similar
results. Simulations using reasonable diffusion con-
stants (cytoplasmic diffusion of 10 mm2/s, membrane
diffusion of 0.1 mm2/s) predicted a very broad mid1p cor-
tical distribution (Figure 1Ai); this distribution is much
broader than that seen in vivo. Adding cooperative
membrane binding to the model did not qualitatively
change these results (data not shown). Thus, a simple
diffusion-based mechanism based on nuclear export is
unlikely to explain the mid1p distribution in vivo. There-
fore, we postulated that there must be additional factors
involved in this process. Simulations suggested that the
existence of inhibitors that exclude mid1p from the cell
tips would recreate the tighter distribution of mid1p
seen in vivo (Figures 1Aii and 1B).
Motivated by these computer simulations, we sought
to identify putative mid1p inhibitors by screening known
polarity factors that reside at cell tips. We examined
mid1-GFP distribution in a representative set of polarity
mutants. We did not identify any mutant with a symmet-
rically broad distribution of mid1p, as predicted by a
complete lack of cell-tip inhibitors. However, we did find
a striking phenotype with the pom1Dmutant: mid1p was
localized on the cortex over half of the cell (Figure 1C). In
pom1 mutants, which only grow in a monopolar manner
[9], mid1p localized clearly to the nongrowing cell tip and
was absent from growing cell tips (Figure 1E). Mid1p
was also affected in a similar but weaker fashion in
tea1 and tea4 mutants (Figure 1D, Figure S1 in the Sup-
plemental Data available online) [11–13]; however, these
mutants also were affected in pom1p distribution (see
below). Other monopolar or rounded mutants (for3D
[formin], bud6D, orb2-34 [PAK kinase], and tea3D) did
not affect mid1p distribution (Figure 1D, Figure S1), sug-
gesting that this effect in the pom1D mutant was not
a general consequence of monopolar growth or abnor-
mal cell polarization.
Pom1p, a protein kinase of the dual-specificity tyro-
sine-phosphorylation-regulated kinase (DYRK) family,
localizes near the plasma membrane at cell ends during
interphase and to the septum during cell division and
functions in the regulation of cell polarization [9, 14–17].
Pom1p is often enriched at the nongrowing cell end [9].
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2481Figure 1. In Silico and In Vivo Experiments Demonstrate that Pom1p Inhibits Mid1p Distribution over the Nongrowing Half of Cell
(A) Distribution of mid1p on the cell surface as predicted by a mathematical model (see Supplemental Data). The nucleus provides a positive (+)
spatial cue. (Ai) Simple diffusion of mid1p after nuclear export causes a broad mid1p distribution. (Aii) Addition of gradients of polar inhibitors (2)
emanating from the cell ends leads to a tighter mid1p distribution that more closely resembles mid1p distribution in vivo. (Aiii) Removal of the
polar inhibitor from one cell end leads to mid1p distribution over that half of the cell, a distribution that resembles the in vivo localization pattern
of mid1p in pom1D mutants (see below). Red indicates mid1p, and blue and green indicate putative polar inhibitors.
(B and C) Wild-type (B) and pom1D (C) cells expressing a functional, chromosomal mid1-GFP from its endogenous promoter. Maximum-inten-
sity-projection images are shown in the upper panels. Single-confocal-plane sections in the lower panels show mid1-GFP nuclear localization.
(D) Mid1p localization patterns in representative cell-polarity mutants. Patterns were determined from maximum-intensity projections (see
Figure S1 for representative images) and were designated into one of the three classes schematically depicted (n = 50 for each strain).
(E) Mid1p localizes to nongrowing ends of pom1D cells. Mid1-GFP pom1D cells (NP162) were imaged for mid1p distribution (left) and stained
with calcofluor (right), which marks the growing cell end.
(F) Cortical pom1p forms a polar gradient. Fluorescence intensity of pom1-GFP in wild-type cells (FC1162) was measured along the cell length
(see Supplemental Experimental Procedures). One medial confocal section is shown in inset. Gray dashed lines in the graph indicate positions of
cell ends. Scale bars represent 3 mm.
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2482Of interphase cells, 66% (n = 21) had pom1-GFP en-
riched at least 1.2-fold at one cell end versus the other,
as determined by fluorescence intensity (Figure 1F,
Figure S2). There was no obvious correlation between
this enrichment and the length of cells or establishment
of bipolar growth. Quantitative measurements showed
that pom1-GFP forms a polar gradient, with the highest
concentration at the cell end(s) and decreasing toward
the cell center (Figure 1F and Figure S2).
These results support a model in which a concentra-
tion gradient of pom1p actively inhibits mid1p and is re-
quired at only one cell end. This suggests the existence
of another inhibitor present at the other (growing) cell
end. We revised our computational simulation to include
two polar inhibitors that expel mid1p from the mem-
brane (see Supplemental Data). In the model, a combina-
tion of targeted insertion at the cell tip, membrane diffu-
sion, and global unbinding created a concentration
gradient of pom1p. We further assumed the existence
of a second inhibitor at the opposite pole with otherwise
identical properties to pom1p. Addition of the two inhib-
itor gradients resulted in a tight medial distribution of
mid1p similar to that seen in wild-type cells in vivo (Fig-
ures 1Aii and 1B). In the absence of one of the inhibitors,
mid1p redistributed over half of the cell with increased
concentration near the nucleus, similar to that seen in
pom1Dmutants in vivo (Figures 1Aiii and 1C). The results
of simulations were robust to changes in the shape and
strength of the inhibitory gradients (see Supplemental
Data).
To test aspects of this model, we investigated the
establishment and dynamics of the mid1p distribution
patterns in vivo. To address when pom1p might affect
mid1p in the cell cycle, we examined how the abnormal
mid1p pattern originates in pom1 mutants. In wild-type
cells, cytoplasmic mid1p localized to the site of cell divi-
sion during cytokinesis, and then to a band of cortical
dots in the vicinity of the nucleus in late septation and
throughout interphase (Figure S3). In pom1D cells,
mid1p redistributed from the cell-division site to the
half of the cell around the old end during septation.
Then, remarkably, the whole distribution shifted to the
other half of the cell around the new (nongrowing) end
within 60 min (Figure 2A). This redistribution of mid1p
may reflect a change in the site of ‘‘nongrowth’’ from
the old cell end to the new cell end. This localization
of mid1p at nongrowing ends correlates with where
pom1p is enriched in wild-type cells, suggesting that
pom1p normally prevents mid1p accumulation at these
sites. Thus the mid1p pattern is established in inter-
phase and is dynamic.
We next tested whether pom1p functions only to
establish the mid1p pattern or is needed continuously
to maintain it. A kinase-dead pom1 allele had the same
effect on mid1p distribution as deleting the pom1 gene
(data not shown), indicating that pom1p kinase activity
was important for regulation of mid1p. To control pom1p
kinase activity in a conditional manner, we developed
an analog-sensitive allele of pom1p by mutating a key
residue in the adenosine 50-triphosphate (ATP) binding
pocket [18]. pom1-as1 mutants were functional in the
absence of inhibitor but lost function in vivo when incu-
bated with the specific inhibitor 1NM-PP1, as shown
by the development of defects in cell polarization andcell-division patterns (see below). Treatment of pom1-
as1 with 1NM-PP1 caused mid1p to shift toward the
nongrowing cell end in less than 1 hr in the majority of
interphase cells (Figure 2C). This effect was dependent
on the presence of both the ATP-analog inhibitor and the
as-1 allele (Figure 2B). Thus, the loss of pom1p kinase
activity has an effect on mid1p localization within a single
interphase period. These observations illustrate that the
distribution of cortical mid1p is maintained by pom1p in
a dynamic manner.
To determine whether the nucleus still has a positive
influence over mid1p distribution in pom1 mutants, we
displaced the nucleus by using cell centrifugation [2].
In wild-type cells, cortical mid1p tracks the position
of the nucleus even as the nucleus moves [2]. In pom1
mutants, when the nucleus was displaced toward the
growing cell end, cortical mid1p still tracked the nucleus
and produced a broader mid1p band than in wild-type
cells (Figure 2D). When the nucleus was displaced
toward the nongrowing end of pom1 mutants, mid1p
distribution did not become broader as compared to
noncentrifuged pom1 mutants (data not shown). This
suggests that the positive effect of the nucleus on mid1p
positioning is still intact in pom1 mutants.
We next devised a series of tests of the model by com-
paring the effects of altering parameters in vivo and in
silico. First, we examined the effect of altering pom1p
distribution. In our screen, we noted that tea1D and
tea4D mutants also had abnormal mid1p distribution,
but these phenotypes were weaker than those ofpom1D
mutants (Figure 1D). In tea1D mutants, pom1p was
weakly distributed throughout the cortex, whereas
mid1p was slightly offset toward the nongrowing end
(Figure 3A). A similar result for mid1p distribution was
seen in simulations in which pom1p was allowed to
bind weakly anywhere on the membrane. In tea4D mu-
tant cells, pom1p was absent from the cortex, and cells
exhibited defects in mid1p distribution intermediate be-
tween those of tea1D and pom1D mutants (Figure 3B).
This tea4D phenotype agreed with simulations in which
there was no pom1p on the membrane but where cyto-
plasmic pom1p still functioned to remove mid1p from
the cortex at a reduced rate. The phenotypes of these
mutants demonstrate the importance of the polar-gradi-
ent distribution of pom1p.
Second, we tested the effect of increasing cell length
(Figure 3C). Simulations predicted that the mid1p dis-
tribution would be broader because the sources of
the cell-tip inhibitors are placed farther away from the
nucleus. In vivo, we generated elongated cells by arrest-
ing them in S phase by hydroxyurea treatment. In 76%
of cells (n = 25) greater than 22 mm in length, mid1p did
indeed have a broader distribution as predicted.
Third, we examined the situation when mid1p is over-
expressed (Figure 3D). We predicted that the higher
concentration would allow mid1p to override somewhat
the inhibition by the tip inhibitors and thus produce a
broader distribution. In vivo, when mid1-GFP was over-
expresssed 20-fold (as determined by fluorescence in-
tensity), all cells had a broad mid1-GFP distribution all
over the cortex, including the cell tips, with increased
concentration still near the nucleus (n = 6). Much of the
mid1p also accumulated in the nucleus. We found a sim-
ilar GFP distribution in cells expressing endogenous
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2483Figure 2. Mid1p Pattern Is Established Dynamically in Interphase in pom1 Mutants
(A) Time-lapse imaging of pom1D cells expressing GFP-mid1 (NP260) from cell-cycle periods just after septation to mitosis. Maximum-intensity-
projection images are shown. Note the redistribution of mid1p on the cell surface from time 0 to 60 min. NE denotes new cell end, and OE denotes
old cell end.
(B) mid1-GFP (FC959) or mid1-GFP pom1-as1 (NP253) cells treated with the specific inhibitor 1NM-PP1 or DMSO (0.5%) for 50–60 min at 25C.
(C) Time course of effect of inhibiting pom1-as1 with 1NM-PP1 at 25C. n > 70 cells per time point; results are of three experiments. Error bars
denote standard deviation.
(D) Effect of displacing the nucleus in pom1D cells. pom1D cells expressing mid1-GFP (NP162) were treated with hydroxyurea to generate elon-
gated cells and centrifuged [2]. Cells were screened visually for those in which the nucleus was displaced toward the growing cell end as de-
termined by cell morphology. Arrow indicates position of the displaced nucleus. Maximum-intensity projection of the whole cell (top panel)
and maximum-intensity projection of planes of the cell interior to visualize nuclear position (bottom panel) are shown. Scale bars represent 3 mm.levels of mid1-GFP and overexpressing untagged mid1p
(data not shown). In simulations, increasing the concen-
tration of mid1p 20-fold also caused increased quanti-
ties of mid1p at all cortical locations. However, the
model predicted the same overall shape of mid1p distri-
bution with relatively little mid1p present at the cell tips.
This difference between our simple mathematical model
and the experimental observations reflects a lack of
saturation of inhibitor function at high mid1p concentra-
tions. Addition of such saturation into the model gener-
ated a mid1p distribution in better agreement with the
experimental results (data not shown).Finally, we examined how the altered distribution of
mid1p in pom1D mutants ultimately affects the site of
contractile-ring assembly and the cell division plane.
Because this is the first mutant that alters the broad-
band distribution of intact mid1p, it provided us an op-
portunity to examine the function of this distribution. It
has been noted previously that pom1 and tea4 mutants
have a slightly offset division plane, but generally have
a less severe phenotype than mid1 mutants [9, 11, 13].
Mid1p is thought to recruit myosin II and other ring pro-
teins to the cortex in early mitosis [7, 19, 20]. We exam-
ined the formation of contractile rings by using a GFP
Current Biology
2484Figure 3. Effects of Altering System Parameters on Mid1p Distribution
(A) tea1mutant. The following are shown: left panel, single-confocal-plane section of pom1-GFP tea1D (YSM813); upper center panel, mid1-GFP
tea1D (NP188); bottom center panel, colabeling with calcofluor to mark the growing cell end; and right panel, mathematical-model prediction of
mid1p distribution (red) when pom1p is distributed throughout cortex (see text).
(B) tea4 mutant. The following are shown: left panel, single-confocal-plane section of pom1-GFP tea4D (YSM165); upper center panel, mid1-GFP
tea4D (NP164); bottom center panel, colabeling with calcoflour to mark the growing cell end; and right panel, mathematical-model prediction of
mid1p distribution (red) when pom1p is absent from the cortex (see text).
(C) Elongated cells. Mid1-GFP cell (FC959) was treated with 25 mM hydroxyurea for 5 hr. The right panel shows a mathematical-model prediction
of mid1p distribution (red) when cell is lengthened to 15 mm.
(D) Mid1p overexpression. Cells overexpressing mid1-GFP from a regulatable nmt1 promoter (AP128) were induced in the absence of thiamine
for 24 hr at 25C. Mid1p distribution is broader and spread over the poles as shown in the single-confocal-plane section. The right panel shows
a mathematical-model prediction of mid1p distribution (red) when mid1p is overexpressed 20-fold.
For all mathematical-modeling plots: gray full line indicates normal membrane-bound mid1p distribution, red full line indicates membrane-bound
mid1p distribution in altered condition; green dashed line indicates pom1p distribution; and blue dashed line indicates second-putative-inhibitor
distribution. Mid1-GFP images in (A)–(C) are maximum-intensity projections. Scale bars represent 3 mm.fusion to myosin regulatory light chain (rlc1-GFP) [21].
In wild-type cells, rlc1-GFP forms a medial band of
cortical dots overlying the nucleus in early mitosis, be-
fore compacting to a discrete medial ring in midmitosis(Figure 4A) [20, 21]. We found that when pom1D cells
entered mitosis, dots of rlc1-GFP appeared, much like
mid1p, over half of the cell cortex surrounding the non-
growing end (Figure 4B). By midmitosis, these dots
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2485Figure 4. Pom1p Affects the Correct Placement and Number of Contractile Rings
(A–C) Three-dimensional time-lapse maximum-intensity projections of myosin regulatory light chain-GFP (rlc1-GFP) to visualize myosin distri-
bution and contractile-ring assembly. (A) shows wild-type (FC1140), (B) shows pom1D (NP266), and (C) shows pom1D cdc25-22 (YSM723).
(D) Calcofluor staining of septa in cdc25-22 (FC274) and cdc25-22 pom1-as1 (YSM702) pretreated with the specific inhibitor 1NM-PP1 or DMSO
(0.5%).
(E) Percentage of cells with two septa (determined by calcofluor staining) in the presence or absence of functional pom1p (n > 100 for each data
point). Scale bars represent 3 mm.coalesced to form a tight ring that was offset toward the
nongrowing end. The position of the ring was always
within the original broad-band distribution, but, interest-
ingly, not in the middle of the original broad band of
dots. Rather, the ring position was still biased toward
the position of the nucleus. Similar results were seen
with mid1p (Figure 2A). Why this position is chosen is
not yet clear, but could be due to the slightly increasedcortical concentration of mid1p near the nucleus. Alter-
natively, signals from the nucleus or spindle-pole bodies
may also contribute to mid1p function and/or ring as-
sembly [8, 10, 22].
Pom1p also affects the number of contractile rings
formed. Although cdc25-22 cells have been noted
previously to form double rings even in a pom1+ back-
ground, these cases were rare under our conditions
Current Biology
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the large majority of pom-as1 cdc25-22 cells formed
double rings and septa, even at 25C (Figures 4D and
4E). These rings, which are usually initially well spaced,
both contracted and sometimes moved toward each
other, leading to double or V shaped septa. Whereas
the pom1D allele also led to double rings and septa (Fig-
ures 4C and 4E), effects of the pom1-as1 allele were
more clear because the cells maintained normal length
and shape during the time course of the experiment. Al-
though pom1p could have functions in regulating the
cell division plane that are independent of mid1p, these
results suggest that the distribution of mid1p in this
broad band contributes to the proper location and num-
ber of contractile rings formed.
In summary, we provide evidence that inhibitory sig-
nals from the cell poles contribute to division-site spec-
ification in S. pombe. We propose that pom1p, which
forms a concentration gradient from the cell tip, inhibits
mid1p localization at the nongrowing cell end. Our stud-
ies indicate the presence of another, as-yet-unidentified
inhibitor that emanates from the growing cell end. Given
that pom1p is often localized at both cell ends (Fig-
ure S2), it is formally possible that pom1p also functions
at the growing tip, but is functionally redundant with
a second inhibitor. Preliminary results suggest that this
putative second inhibitor is actin dependent. These in-
hibitors are required to restrict mid1p distribution to
the medial area and may affect placement and number
of contractile rings formed. Whether pom1p phosphory-
lates mid1p directly is not yet known, but we note that
mid1p contains at least two consensus phosphorylation
motifs recognized by this class of kinase. The interplay
between positive medial activities and negative polar
activities that influence the cell division plane appears
to be a conserved feature of cytokinesis. In bacteria, the
MinC protein acts as a polar localized inhibitor of cell
division [23–25]. In animal cells, there is increasing evi-
dence for both positive equatorial signals (from the spin-
dle) as well as negative polar signals (via polar astral
microtubules) that determine the cleavage plane [26–30].
In light of this, it is interesting to note that S. pombe
pom1p is indirectly localized by microtubules through
tea1p and tea4p—proteins deposited at cell tips by
dynamic microtubule ends [9, 11–13]. Further under-
standing the interplay between positive and negative
factors present at the cell center and ends promises to
provide new insights into the global spatial regulation
of cell division.
Supplemental Data
Supplemental Data include mathematical modeling, Experimental
Procedures, three figures, and one table and are available with this
article online at: http://www.current-biology.com/cgi/content/full/
16/24/2480/DC1/.
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